To elucidate the metabolic changes occurring within hepatocytes during acute phase reaction and liver regeneration.
Objective
To elucidate the metabolic changes occurring within hepatocytes during acute phase reaction and liver regeneration.
Summary Background Data
The metabolic events occurring within the liver during the hepatic stress response are poorly understood. The authors used in vivo 31-phosphorus magnetic resonance spectroscopy to study hepatic metabolism after surgical trauma with and without loss of liver cell mass.
Methods
Three groups were studied: five patients undergoing partial hepatectomy; five patients in whom laparotomy and colonic resection was performed; and five patients treated by thyroidectomy. Hepatic metabolism was evaluated by 31-phosphorus magnetic resonance spectroscopy before surgery and serially thereafter on postoperative days 2, 4, 6, 14, and 28. Estimation of liver volume by magnetic resonance imaging and blood sampling for biochemistry were performed at the same time points.
Results
The authors found that alterations in hepatocyte phospholipid metabolism occurred after surgery that were correlated with changes in circulating acute phase proteins. Liver regeneration after hepatectomy was also associated with a derangement in energy metabolism, measured by a decrease in the ratio of ATP to its hydrolysis product inorganic phosphate. The depleted energy status was mirrored in biochemical indices of liver function, and restitution paralleled the course of restoration of hepatic cell mass.
Conclusions
These findings indicate that changes in liver metabolism after surgery reflect the magnitude of tissue injury and the quantity of functioning liver cells. Acute phase responses dominate the initial recovery period at the expense of less important endergonic functions. When liver parenchyma is lost, the acute phase reaction is maintained and further supported by a rapid replenishment of hepatocytes, which can even be considered a continuation of acute phase physiology. Modulation of liver function within the framework of overall hepatic energy economy is one mechanism for matching energy supply with increased demands during these processes.
The liver plays a central role in the coordinated metabolic response to injury. Somatic tissue damage is associated with an acute phase reaction at the hepatocyte level characterized by a major redirection of protein synthesis, designed to restore bodily homeostasis. 1 This response is maintained even after a sudden reduction in the number of hepatocytes induced by injury or surgery, when it is supplanted by a rapid compensatory replenishment of lost liver cells. 2 The mechanisms of metabolic control and maintenance of liver function during these dynamic events are incompletely understood. Traditionally, the assessment of liver function has relied on indirect measurement based on circulating blood proteins and biochemical indices. We have applied the technology of image-guided in vivo 31-phosphorus mag-netic resonance spectroscopy ( 31 P MRS) to assess the hepatic biochemical response of patients undergoing surgical trauma with and without loss of liver cell mass. This technique allows noninvasive longitudinal assay of cellular metabolism because the naturally abundant 31 P isotope is central to biologic energy transformation and ubiquitous in cell membrane phospholipids. 3 
METHODS

Patients
The study protocol was approved by the ethical committee of the Chinese University of Hong Kong, and written informed consent was obtained in each instance. We studied a consecutive series of patients undergoing three different surgical procedures. The hepatectomy group comprised five patients in whom laparotomy and partial hepatectomy was performed (for curative resection of metastatic colorectal carcinoma in three patients and for a benign lesion in two instances). The colectomy group comprised five patients undergoing laparotomy for resection of colonic carcinoma, serving as nonhepatic abdominal surgery controls. The thyroidectomy group comprised five patients undergoing thyroidectomy for localized neoplasia, who constituted a less traumatic nonabdominal surgery comparison (Table 1) .
Clinical management was conducted according to established practice, with the exception of the additional MR examinations. Standardized general inhalation anesthesia with maintenance isoflurane was used in each patient. Fluid losses were replaced with crystalloid (isotonic saline), and none of the patients received blood products. All made an uncomplicated recovery from surgery.
Magnetic resonance imaging (MRI) and 31 P MRS studies were performed at the following time points: before surgery; serially on days 2, 4, and 6 after surgery, when the major metabolic changes were expected; and on postoperative days 14 and 28 to assess the later stages of liver recovery. The following blood tests were measured by standard laboratory techniques at the same time intervals: serum C-reactive protein (a rapidly synthesized positive acute phase reactant); plasma albumin (a negative acute phase reactant whose synthesis is decreased during the hepatic stress response, half-life 15-19 days); bilirubin (reflecting hepatic excretory activity); and prothrombin time (primarily dependent on the 4 -6-hour half-life of factor VII and thereby reflecting short-term changes in synthetic function).
To evaluate the repeatability of the spectroscopic measurements, we performed replicate studies on five healthy volunteers (aged 21-26 years). For the first measurement each individual in turn was positioned within the MR system and the standard imaging and spectroscopy sequence was performed (see below). The case order was repeated for the second measurement, with spectral acquisition from the same region of interest of the liver in each instance.
As far as could be ascertained by biochemical testing, Energy Balance During Hepatic Stress Response virology screening, and ultrasound examination, the patients in the control and volunteer groups had normal liver architecture and function. The patients undergoing hepatectomy had solitary liver lesions that were completely excised, the surrounding liver parenchyma being otherwise normal on histologic examination.
Magnetic Resonance Studies
All studies were performed on a 1.5-Tesla whole body MR system (Gyroscan ACS-NT, Philips Medical Systems, Best, Netherlands). Patients were fasted for 4 hours before MR scanning, which was performed between 5 and 7 AM before breakfast.
Magnetic Resonance Imaging
Axial and coronal images were obtained with the body coil and used for localization of the voxel for spectroscopic acquisition. The image-selected in vivo technique allows signal to be acquired from any chosen region of liver, and in this way tumor tissue was excluded from the initial spectra in patients undergoing hepatectomy. Wherever possible the right lobe of the liver was used for scanning (larger volume and less movement artifact from heat beat) except when right hepatectomy was to be performed, in which case the left lobe was used. For individual patients, the same site and volume of liver were used in each spectral acquisition; this was achieved by using the same anatomic coordinates for each scan (see below). Hepatic volume was estimated by summation of the computer-digitized anatomically corresponding slices (8-mm depth) through liver for each study time point. For the patients undergoing hepatectomy, the preoperative parenchymal volume was calculated by subtracting the tumor volume from the total hepatic volume. The volume of liver parenchyma resected was determined by the difference between the preoperative and first postoperative scans. Liver regeneration was estimated by the volumetric difference between the initial and final postoperative measurements.
Magnetic Resonance Spectroscopy
A 14-cm transmit/receive surface coil was used for spectroscopic measurements. 31 P spectra were obtained from liver and also from skeletal muscle (for later correction of muscle contamination during liver spectroscopy). Using image guidance, the coil was positioned over the thigh quadriceps muscle and subsequently over the liver, with the center of the coil as close as possible to the region of interest. The precise spatial location and size of the volume of interest (VOI) were reproduced for the individual patient at each time point using the stored three-dimensional anatomic coordinates. The coil was tuned to the proton (water) resonance frequency of 63.9 MHz for shimming of the magnetic field. Typically the VOI used was 60 ϫ 60 ϫ 100 mm (360 mL) for both muscle and liver. Volume selection was performed using a modified image-selected in vivo spectroscopy protocol (ISIS). The surface coil was manually matched and tuned to the operating frequency for phosphorus (25.9 MHz). Proton-decoupled and nuclear Overhauser effect (NOE)-enhanced 31 P spectra were recorded. Data were acquired at 512 points with a spectral bandwidth of 1,500 Hz and a repetition time (TR) of 2 seconds. For liver, 256 free-induction decay (FID) signals were averaged to produce each in vivo spectrum (128 signal averages were used for muscle). The acquisition time for the imaging and spectroscopy protocol was about 45 minutes.
Spectral Processing
The averaged FIDs from liver were initially filtered with a convolution difference procedure (50 Hz) and apodization (6 Hz) using the manufacturer's software to reduce noise and remove broad signals from less mobile phospholipids (no prior processing was required for muscle signals). The filtered FID was processed in the time domain using the MRUI software package (Magnetic Resonance User Interface, MRUI Software, Katholieke Universiteit, Leuven, Belgium) and a variable projection (VARPRO) subroutine, running on an off-line UNIX workstation.
Resonance frequencies and line-widths were selected manually in the frequency domain as the initial values in the fitting process ( Fig. 1) . Calculated positions and intensities Peak area is proportional to amount of metabolite. Peaks labeled on scan: PME, phosphomonoesters (mainly phospholipid precursors, principally phosphocompounds of choline and ethanolamine, with some contribution from sugar phosphates); Pi, inorganic phosphate (product of ATP hydrolysis); PDE, phosphodiesters (phospholipid catabolites, mainly glycerophosphocompounds of choline and ethanolamine, with some contribution from cell membranes); and ␥-, ␣-, ␤-phosphates of nucleotide triphosphates, NTP (high-energy phosphate compounds). By convention, the [␤-P] NTP peak is taken to represent ATP. Phosphocreatine peak (not labeled) is at zero parts per million (assumed from muscle contamination). Data are conventionally presented as ratios of related peak areas, comprising phosphoester metabolites (PME/PDE) and energy status (ATP/Pi) respectively. Alternatively, individual peak areas may be expressed as a function of total visible phosphate (TP). These measures are independent of the volume of liver from which the signals are obtained. Liver intracellular pH (pHic) was derived from the chemical shift difference between [␣-P] NTP, assigned to Ϫ7.5 ppm, and Pi, according to the supplied calibration data. ppm, resonance chemical shift in parts per million.
of the peaks were then used to determine peak intensity ratios.
The contamination of liver spectra from the body wall musculature was minor (Liver PCr/total visible phosphate typically Ͻ5%), and in common with others we corrected for this by using measurements derived from skeletal muscle (the quadriceps in our study). 4 The calculation was based on subtraction of the relative phosphate compound (P C peak) contribution derived from the muscle spectra using the formula: Liver P C peak corrected ϭ Liver P C peak actual -([Liver PCr/Muscle PCr] ϫ Muscle P C peak). No attempt was made to correct for longitudinal relaxation (T 1 -related partial saturation effects because fully relaxed spectral acquisition was unfeasible in this group of patients as a result of the time constraints of scanning.
Statistical Analysis
Statistical computations were made using STATISTICA 4.0 (Statsoft, Tulsa, OK). Data were analyzed by analysis of variance using a repeated-measures design for serial measurements. This technique for analysis of serial data allows comparison of differences between groups, differences within groups over time, and the interaction between the factors group and time. 5 Post hoc comparisons were performed using the Newman-Keuls test and by linear contrast analysis as appropriate for selected planned comparisons.
Where variances were unequal, some of the data were subjected to logarithmic transformation before analysis (as indicated in the relevant figures). Linear correlation analysis was performed according to the method of Pearson. Multiple linear regression analysis was performed in a stepwise forward manner. Probabilities were accepted as significant at the 5% level.
RESULTS
Replicate studies showed the within-subjects coefficient of variation was 9.6% for phosphoester metabolites (expressed as PME/PDE ratio), 11.5% for hydrogen ion concentration, and 14.5% for energy status given by ATP/Pi. These findings indicate that reproducible 31 P MRS measures can be obtained by careful standardization of the location and size of the VOI.
Clinical data are summarized in Table 1 . Estimated liver parenchymal volume, expressed as a function of body mass, was similar in the three groups. In patients undergoing hepatectomy, the individual volumes of liver parenchyma resected represented 3%, 7%, 32%, 44%, and 51% respectively of the total functioning volume (mean 28%, SD 22%). Duration of anesthesia was comparable for the study groups, and volume of infused saline varied predictably with the magnitude of surgery.
Representative liver spectra obtained after each of the Energy Balance During Hepatic Stress Response three surgical procedures are illustrated in Figure 2 . The signal intensities of the measured peaks, given as the ratio of total visible phosphate, are shown in Table 2 . Hepatocyte phospholipid metabolism was altered in all three groups in the postoperative period, dramatically so after abdominal surgery. This derangement resulted from an increase in the phosphomonoester (PME) component and a simultaneous decrease in phosphodiester (PDE) species (Fig. 3 ). Hepatic energy balance was adequately maintained after colectomy and thyroidectomy, but metabolic stress was manifest in the hepatectomy group by a reversible fall in the ATP/Pi ratio (see Fig. 3 ). Hepatocyte intracellular pH showed little variation in any of the groups over the study (see Table 2 ). Serum C-reactive protein levels was elevated after each of the surgical procedures, with levels peaking at 48 hours ( Fig. 4 ). Substantial declines in plasma albumin concentration were observed in the first week after colectomy and hepatectomy, with subsequent recovery thereafter.
Major abdominal surgery was associated with impaired liver function, indicated in peripheral blood by elevation of plasma bilirubin and prolonged prothrombin time (Fig. 5) . These changes were more pronounced in the hepatectomy group.
Restoration (regeneration) of hepatic volume after liver resection was accomplished by an exponential growth phase within the first postoperative week ( Fig. 6) and was followed by enhancement of energetic status and correction of functional indices.
Correlation analysis revealed that changes in some of the spectral metabolites were closely related. In particular, a strong inverse correlation was found between the PME and PDE phosphoesters (r ϭ Ϫ0.82, P Ͻ .01), which biochemically is indicative of an alteration in hepatocyte membrane phospholipid metabolism (Fig. 7) . Overall, hepatic ATP and Pi content varied inversely (r ϭ Ϫ0.42, P Ͻ .01), consistent with the presumed stoichiometric relationship between these compounds during energy transduction reactions. A general relationship between intracellular biochemistry and extracellular indicators of liver physiology was found. Table 3 shows the overall correlations for the combined data set, although the relationships were similar within each of the three groups. These associations were further examined by multivariate analysis, which revealed that albumin was the strongest independent explanatory variable for PME/ PDE, and bilirubin for ATP/Pi. The inverse correlations between ATP/Pi ratio and plasma bilirubin and prothrombin time were of special interest because they reflect the possible consequence of decreasing hepatic energy potential on the excretory and synthetic liver functions.
DISCUSSION
Using localized 31 P MRS, we have investigated hepatic phospholipid biochemistry and energy metabolism in patients undergoing thyroidectomy, colectomy, and liver resection. These groups represent a series of surgical interventions with increasing demand on liver metabolism. In general, the hepatic biochemical changes were similar in nature, but they differed in magnitude, with the most pronounced alterations seen in the hepatectomy group. The predominant changes in the 31 P MRS spectrum after surgery involved alteration in the phosphoester signals, an increase in the PME/PDE quotient occurring in each of our study groups. These resonances are produced by compounds related to phospholipid turnover, with some variable contribution from phosphorylated glycolytic intermediaries. In the past, similar spectroscopic appearances have been observed in proliferating tissues, including malignant tumors, 6 -8 maturing neonatal liver, 9 and also in animal mod-els of liver regeneration. 10 -12 Consequently, this pattern has been assumed to indicate amplified membrane synthesis, reflecting cellular growth and division, and this change was therefore anticipated in our hepatectomy group. Similar qualitative changes were an unexpected finding after colectomy and thyroidectomy because there was no evidence of a substantial increase in liver mass after either of these procedures. Because the magnitude of these alterations was proportional to the degree of surgical trauma, an alternative interpretation is that changes in these metabolites are linked to the hepatic acute phase reaction per se. 
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The PME and PDE spectral peaks are composed of several classes of molecules, making it difficult to ascribe changes in their ratio to specific biochemical events. We identified a particularly strong inverse correlation between these two groups of compounds that was contiguous over a fourfold concentration range. This degree of biochemical symmetry implies the existence of an underlying regulatory mechanism, probably involving the phospholipase handling of membrane-bound phosphatidyl-choline and -ethanolamine. 13, 14 More specifically, this qualitative change in relative phosphoester proportions suggests a shift in flux through enzymatic pathways, away from the phospholipase A route (which produces PDE metabolites glycerophosphocholine and glycerophosphoethanolamine) and redirection via phospholipase C (which produces PME metabolites phosphocholine and phosphoethanolamine, together with corresponding amounts of the important secondary messenger diacylglycerol). 11, 15 This finding is consistent with the recent recognition that modulation of liver phospholipid metabolism is a key step in the hepatic response to injury, implicated in transmembrane signaling and cellular activation events. 16, 17 It has previously been reported that albumin level is inversely correlated with the PME/PDE ratio in diffuse liver disease. 18 We have extended this observation to show that a dynamic general relationship exists between hepatic phospholipid metabolism and liver function during the acute phase reaction. The association with plasma albumin is interesting because this presumably involves regulation of albumin distribution as well as hepatic synthesis, given the long half-life of the protein and known volumes of crystalloid infused. 19 One explanation is that these changes reflect the matched response of different effector organ systems (liver, vascular endothelium) to the influence of circulating inflammatory and hormonal mediators. 20 If the changes in phospholipid metabolism that we have detected do reflect hepatocyte stress response, then our data also indicate that the process of liver regeneration blends with the acute phase reaction. It is known that some of the humoral mediators inducing these two different but related biologic responses are shared (notably the cytokines tumor necrosis factor, interleukin-1, and interleukin-6). 1, 21 At the gene level the pattern of regulation is partly overlapping, suggesting that both acute phase reaction and liver regeneration involve some early similarities in hepatocyte activation. 22, 23 Large-scale hepatocyte cell cycling, however, usually occurs only after the destruction of liver parenchyma (most likely due to the release of matrix-bound mitogens such as hepatocyte growth factor [HGF]). 24 In one sense, liver regeneration may even be considered an extension of acute phase physiology, intended to replace the lost liver cells, based on a sustained response.
Spectroscopic changes involving high-energy phosphate metabolites are more readily interpretable. We have estimated hepatic energy state by the ratio ATP/Pi, which can be considered analogous to cellular phosphorylation potential or energy charge. 25, 26 These key metabolic parameters regulate the balance between energy-consuming (endergonic) and -producing (exergonic) reactions, thereby maintaining the biochemical poise of the adenylate high-energy phosphate system. Energy consumption by the liver can be expected to increase to support the metabolic response to injury, and these demands should be matched by compensatory changes in ATP production and availability if energy balance and organ performance are to be maintained. 27 The concept of a liver energy economy, comprising the sum and distribution of exergonic (income-generating) and endergonic (expenditure) reactions, is a useful analogy here. Preservation of energy status after thyroidectomy and colectomy apparently involved an economic adjustment, with metabolic resources being redirected to meet acute phase demands at the expense of quiescent hepatic function. The deviant pattern of recovery after liver resection may be attributed to the onset of hepatocyte mitosis, which places an additional metabolic burden on cells that are attempting to maintain differentiated function despite a reduction in their number. This produces an economic energy crisis (as expenditure exceeds supply) that results in a fall in energy state and necessitates even greater curtailment of synthetic and excretory functions. As liver cell mass is successfully accumulated, energy production capacity increases, the metabolic workload becomes more evenly distributed, and energy balance and organ function are recovered. Similar qualitative changes in high-energy phosphate metabolism have been confirmed in animal models of liver regeneration using both traditional biochemical and MR measurements. 10, 28, 29 The finding of a novel indirect relationship between hepatic energy status and liver function after surgery is of direct clinical importance. It illustrates in biochemical terms that liver tissue must balance the maintenance of bodily homeostasis with the acute phase response and when necessary the proliferation of new hepatocytes. After hepatic resection a critical number of functioning liver cells will be required to reconcile these competing demands, and this capability is dependent on highly adaptive transcriptional control of regeneration. 30, 31 Clinical experience has shown that death after liver resection is most commonly due to liver failure in the early postoperative period. 32, 33 Our findings suggest that an unsustainable imbalance between hepatic energy demand and supply, leading to economic collapse of the organ, may conceptually explain this outcome.
Liver intracellular pH was not influenced by the type of surgery in this study. This finding indicates that cytosolic acid-base balance is tightly controlled, even when energy demand is substantially increased. It is likely that cellular buffering capacity is supported by compensatory adjustments in intermediary metabolism and proton handling in the regenerating liver. 30, 34 In summary, we have shown that changes in liver metabolism after surgery reflect the magnitude of tissue injury and quantity of functioning liver cells. In the immediate postoperative period, acute phase functions predominate, consistent with the sovereignty of this highly conserved biologic response. In the special case of hepatic injury with loss of liver cell mass, the remnant liver still reacts in a manner commensurate with the overall degree of tissue trauma, but the response is now augmented by the proliferation of hepatocytes, which dramatically increases liver energy requirements. Modulation of liver function within the frame- Energy Balance During Hepatic Stress Response work of the global hepatic energy economy is one mechanism for matching energy supply with obligate work demands during these processes.
